To study the effects of podocyte injury on glomerular maturation and underlying mechanisms of such effects, puromycin aminonucleoside (PAN) was given to neonatal mice at 1 d post partum (1 dpp). Mice with PAN injection had smaller kidney weight (KW) and body weight (BW) at all times and smaller KW/BW at 4, 8, and 12 dpp versus normal saline (NS) controls. Electron microscopy (EM) revealed nearly complete podocyte foot process effacement and segmental microvillous transformation as early as 2 dpp, preceding proteinuria. PAN-injected kidneys showed significantly fewer glomerular capillary loops and decreased glomerular maturation index, as well as less CD31ϩ endothelium in cortical glomeruli at 12 dpp versus NS controls. Glomerular mesangial injury and glomerulosclerosis along with proteinuria were noted in PANinjected kidneys starting from 30 dpp. Systolic blood pressure was increased significantly by 60 dpp in PAN mice. PAN mice also had significantly decreased Flk-1 and Tie2 mRNA expression and increased angiopoitein-1 (Ang-1) expression, without change in vascular endothelial growth factor (VEGF) at 2 dpp versus NS. Our study shows that podocyte injury in neonatal mice kidneys alters the expression of key capillary growth modulators in glomeruli, leading to abnormal development of glomerular capillaries, with subsequent development of proteinuria, hypertension, and glomerulosclerosis. 
T he glomerular filtration barrier is composed of podocytes, endothelial cells, and the glomerular basement membrane (GBM). Any structural changes in these three components can result in alterations in glomerular function (1) . Some growth factors promoting endothelial proliferation, elongation, and migration, such as vascular endothelial growth factor (VEGF) and angiopoietin-1 (Ang-1), are primarily expressed in podocytes in glomeruli, whereas their functional receptors Flk-1 and Tie2, respectively, have been found on glomerular endothelium, suggesting a regulatory role of podocytes in inducing and maintaining glomerular capillary structure (2, 3) . Under disease conditions, VEGF and Ang-1 direct the protection against, and/or the repair from, injury to glomerular endothelium (4 -6) .
In vivo studies of glomerular development in zebrafish mutants revealed that maturation of podocytes occurred slightly earlier than maturation of glomerular capillary loops and was independent of endothelial cells (7) . Moreover, podocytes appeared to play an important role in guiding glomerular capillary formation (8) . Numbers of both mature and immature glomeruli were reduced by administration of VEGF antibody to neonatal mice, and some glomeruli lacked capillary tufts (9) . Recently, malformation of glomerular capillary loops was reported in mice with either podocyte-specific deficiency of VEGF-A or overexpression of podocyte VEGF164 (10) , indicating a key regulatory role of podocyte-derived VEGF in maturation of glomerular capillaries. In the present study, we investigated whether injury of podocytes affects maturation of glomerular capillaries in developing glomeruli. Given that puromycin aminonucleoside (PAN) has been used as a podocyte toxin in a variety of experiment settings in adult rats as well as in a differentiated cultured mouse podocyte cell line (11), we treated neonatal mice with PAN to investigate effects of podocyte injury on different stages of glomerular development.
METHODS
Animal models. ICR neonatal mice (Harlan, Indianapolis, IN) were randomly assigned to receive 0.1 mg/g body weight of PAN (Sigma Chemical Co., St. Louis, MO) or an equal volume of normal saline (NS) intraperitoneally at 1 day postpartum (dpp). The neonates were weaned at 21 dpp. All animals were housed in a standard pathogen-free facility with 12-h light/dark cycle. All animal procedures used in the study were approved by Institutional Animal Care and Use Committee (IACUC) at Vanderbilt University.
The experimental animals were killed at 2, 4, 8, 12, 30, 60, and 90 dpp, respectively. Mouse urine was collected from the bladder upon sacrifice at 4, 8, and 12 dpp and from metabolic cages (Nalgene, Rochester, NY) for 24 h at 30 and 60 dpp. Urinary excretion of protein was examined by gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Systolic blood pressure was measured by tail-cuff impedance plethysmography (Visitech BP-2000, Apex, NC) at 60 and 90 dpp.
Kidney tissue was weighed at sacrifice and harvested for morphologic studies. A portion of renal cortex was snap-frozen in liquid nitrogen for mRNA analyses.
Morphology and immunohistochemistry. A longitudinal section of the kidney cut through the papilla was fixed in 4% buffered paraformaldehyde and then processed and embedded in paraffin for histologic evaluation. Paraffinembedded kidney sections were cut at 3-m thickness. Glomerular maturation index (GMI, 0 -3 scale) at 12 and 30 dpp was determined on periodic acid-Schiff (PAS)-stained sections as previously described (12) .
A piece of kidney cortex was routinely processed for examination with transmission electron microscopy (EM). EM study was performed on three animals from each group at 2, 4, 8, and 30 dpp. About six glomeruli were examined by EM for each animal.
Wilms tumor suppressor gene 1 (WT-1), a podocyte marker; CD31, an endothelial marker; and VEGF were detected by immunohistochemistry. Briefly, after quenching endogenous peroxidase with 3% H 2 O 2 in methanol, tissue sections were microwaved for WT-1 staining or treated with 0.2 mg/mL trypsin/phosphate-buffered saline at room temperature for CD31 or VEGF staining. Sections were then incubated with rabbit anti-mouse WT-1 (Santa Cruz, Santa Cruz, CA) at 1:800 dilution or rat anti-mouse CD31 (BD Pharmingen, San Diego, CA) at 1:100 dilution, or goat anti-mouse VEGF (Sigma Chemical Co.) at 1:50 dilution at 4°C overnight. Standard blocking, secondary antibody incubation, and developing procedures were applied according to the instructions provided by the corresponding ABC kits (Vectorlabs, Burlingame, CA). Immunostaining was visualized by diaminobenzidine.
After immunohistochemistry, morphometric analysis was performed under a 40ϫ objective on at least 30 consecutive glomeruli in the cortex, with the average calculated for each animal. Cells with positive WT-1 staining within the glomerulus were counted and averaged. Glomerular cells located outside the GBM with positive VEGF staining were counted. CD31ϩ area and glomerular area were measured using KS300 software (Kontron Electronic GmbH, Eching, Germany). Relative glomerular capillary area for each glomerulus was calculated by the ratio of the glomerular CD31ϩ area to the glomerular area. All morphometric analyses were done by trained laboratory staff who were blinded to group allocation.
Quantitative real-time polymerase chain reaction (PCR). Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia, CA). Reverse transcription was performed using TaqMan Reverse Transcription Kit (Applied Biosystems, Branchburg, NJ) in a total reaction volume of 40 L with 2 g total RNA. Quantitative real-time PCR was performed in a total reaction volume of 25 L using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) and 0.5 L cDNA. The reaction was carried out using the iCycler iQ Multi-Color Real Time PCR Detection System (Bio-Rad) under the following conditions: polymerase activation for 3 min at 95°C and amplification for 40 cycles of 20 s at 95°C, 20 s at 60°C, and 40 s at 72°C. After amplification, a final melting curve was obtained for each sample by cooling the reaction mixture to 55°C and then slowly heating it to 95°C at 0.2°C/s. Experimental cycle threshold (Ct) values were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) measured on the same plate, and the relative levels of gene expression were determined by using the 2 Ϫ⌬⌬Ct method (13) . Primers used to detect the expression levels of different genes are listed in Table 1  ( 14 -16) .
Statistical analysis. Results are expressed as mean Ϯ SD in the text and tables and mean Ϯ SEM in figures. Analysis of variance (ANOVA) and a post hoc Scheffé test were used to evaluate differences between NS-and PANinjected animals. The results were further confirmed by nonparametric MannWhitney U test. All tests were two tailed, and p Ͻ 0.05 was considered statistically significant.
RESULTS
Body and kidney weights. At baseline at 1 dpp, the body weight of ICR neonates ranged from 1.7 to 2.3 g, which was not significantly different between male and female pups or between the pups allocated to PAN versus NS injection. The percentages of male versus female in the PAN group versus NS group were not significantly different by 2 test (data not shown) at any time point. There was no noted gender difference in histologic examinations. Therefore, data from different genders were combined in this study. PAN-injected mice had significantly lower BW and KW compared with NS controls at 4, 8, 12, 30, 60, and 90 dpp, and lower KW/BW ratio at 4, 8, and 12 dpp (Table 2) .
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area by PAN injection (Fig. 1E ), which along with decreased KW, suggests less tubular development. Along with occasional proteinaceous casts, marked glomerular mesangial expansion and hypercellularity and glomerulosclerosis were detected in 34.2 Ϯ 7.1% of both superficial and deep glomeruli in PAN-injected kidneys at 60 dpp and in 51.9 Ϯ 7.9% of glomeruli at 90 dpp ( Fig. 1K, L; each n ϭ 7), lesions that were not observed in NS kidneys (each time point n ϭ 6). EM revealed 80% to nearly complete podocyte foot process effacement, segmental microvillous transformation, and lucency of the lamina rara interna of the GBM with intact endothelium in superficial glomeruli as early as 1 d after PAN injection (Fig. 2B) , whereas NS-injected kidney showed wellformed foot processes and normal GBM (Fig. 1A) . These findings were still prominent at 8 dpp (Fig. 2C) . Foot processes were restored at 30 dpp in PAN-injected mice, accompanied by increased mesangial matrix and cellularity (Fig. 2D) .
PAN-injected kidney showed significantly decreased relative glomerular capillary volume assessed as CD31ϩ area (PAN 0.047 Ϯ 0.022 versus NS 0.127 Ϯ 0.041, n ϭ 5, p Ͻ 0.01) at 12 dpp (Fig. 3) . There was no significant difference in the number of VEGF-or WT-1-positive podocytes per glomerulus in PAN-versus NS-treated kidneys at 2, 4, or 12 dpp (Table 4) .
Animal survival, systolic blood pressure, and proteinuria. Most of the PAN-injected mice died by 3 mo, whereas NS injection did not cause any spontaneous deaths during the Results of mRNA expression examined by quantitative real-time PCR. PAN injection induced significantly decreased mRNA expression in Flk-1 and Tie2, increased expression in Ang-1, with no changes in VEGF164 at 2 dpp compared with NS (Fig. 4) . We also examined the expression of synaptopodin, a podocyte foot process structural protein, and ␣3␤1-integrin, a protein mediating attachment of podocytes to the GBM as well as signal transduction between podocytes and GBM (17) . There was no significant difference in mRNA expression of synaptopodin or ␣3␤1-integrin between PANand NS-injected renal cortex at 2 dpp.
DISCUSSION
The glomerular podocyte has been regarded as one of the essential components of the glomerular filtration barrier, regulating the filtration function of glomeruli. Recent in vivo studies with mutant zebrafish (8) and mice (10) suggest a regulatory role of podocytes in directing maturation of glomerular capillaries. In the present study, we found that podocytes of neonatal ICR mice are susceptible to PAN, resulting in extensive podocyte foot process effacement, up-regulated expression of Ang-1 and down-regulation of Flk-1 and Tie2, and abnormal development of glomerular capillaries in the least differentiated superficial glomeruli. These changes led to proteinuria, hypertension, glomerular mesangial expansion, and focal segmental sclerosis in the adult stage.
Podocyte damage has been regarded as a major culprit contributing to the progression of glomerulosclerosis (18) . Podocytes are terminally differentiated cells with limited capability to regenerate or proliferate in mature glomeruli (19) . However, study of podocytes during the developing stage could shed light on the mechanism of glomerulosclerosis. Rodent kidneys are still maturing at birth, with less mature superficial versus deep cortical glomeruli. The maturation of glomeruli of rodents is not complete until 3 wk after birth (20) . In mature rats, PAN injection has been used to induce podocyte injury and massive proteinuria (21) . Multiple injections of PAN can lead to irreversible podocyte damage, nephrotic syndrome, and later glomerulosclerosis (22, 23) . Adult mice do not share this susceptibility (24) . However, a differentiated podocyte cell line of mouse origin is susceptible to PAN (11). In our study, even though 100 mg/kg body weight of PAN did not induce podocyte injury or proteinuria in adult ICR mice (data not shown), this dose of PAN induced prompt changes in podocytes in neonatal mouse kidneys. Thus, in this study, we have established a new in vivo method to induce podocyte injury in neonatal mice.
In our study, we found that PAN-induced podocyte injury resulted in arrest of glomerular capillary development, shown by a significantly decreased glomerular maturation index and decreased positive staining for the endothelial marker CD31. VEGF164 mRNA and protein assessed by real-time PCR and immunohistochemistry, respectively, were not affected. However, renal Ang-1 gene expression was significantly upregulated at 1 d after PAN injection, suggesting that an imbalance between Ang-1 and VEGF may underlie the abnormal development of glomerular capillaries in puromycininduced neonatal nephropathy in ICR mice. Down-regulation of the VEGF receptor Flk-1 and Ang-1 receptor Tie2, which may be attributed to the attenuated endothelial maturation after PAN injection, may also play a role in the malformation of glomerular capillaries found in this study.
Both human and animal studies have shown that loss and/or injury of podocytes are related to proteinuria and glomerulosclerosis in various disease states including primary glomerulopathies, aging, hypertension, and diabetes mellitus (25) (26) (27) (28) . PAN injection in neonatal mice caused arrested development of capillary loops in some glomeruli, with global absorption after 1 mo of age. In view of prevailing notions, the subsequent proteinuria, hypertension, and glomerulosclerosis could be a consequence of a reduced number of nephrons in early life.
Even though EM showed nearly complete foot process effacement in all examined glomeruli at an early stage, there was no trace of proteinuria during this period. This lack of proteinuria was paralleled by normal expression of synaptopodin, ␣3␤1-integrin, and VEGF. Further studies on podocyte slit diaphragm proteins and cytoskeleton molecules may elucidate mechanisms underlying the dissociation between foot process effacement and proteinuria in neonatal PAN-induced nephropathy.
Of note, PAN injection in neonatal mice also induced growth retardation, which may not be exclusive from the pathogenesis of attenuated nephron development found in this study. Studies with specific podocyte injury models during glomerular development will be helpful to further elucidate the role of podocytes in maturation of glomerular capillaries.
In summary, our study has established that maturing podocytes are susceptible to PAN in mice. This mild podocyte injury in maturing nephrons causes developmental abnormality in glomerular capillaries and subsequent glomerulosclerosis. Imbalance of VEGF and angiopoietin systems may be involved in the pathogenesis of this neonatal PAN nephropathy. Further studies on the interactions between podocytes and glomerular endothelium in early life may shed light on the mechanisms of sclerosis and proteinuria in adults.
